Diffusion tensor imaging (DTI) studies in depression show decreased structural connectivity in the left anterior limb of the internal capsule and the genu of the corpus callosum but no such studies exist in peripartum depression (PPD), which affects 1 in 8 women. We analyzed fractional anisotropy (FA) as a measure of white matter integrity of these two tracts using tract-based spatial statistics (TBSS). We then conducted an exploratory whole-brain analysis to identify additional regions implicated in PPD. Seventy-five pregnant, medication-free women were evaluated with the Edinburgh Postnatal Depression Scale (EPDS) and Structured Clinical Interview (SCID) for DSM-IV-TR in pregnancy and in the postpartum. Structural MRI and DTI sequences were acquired in forty-four women within 2-8 weeks postpartum. TBSS data were analyzed between healthy comparison postpartum women (HCW) and women who developed PPD to determine differences in white matter integrity within the left anterior limb of the internal capsule and the genu of the corpus callosum, then analyzed across participants to explore correlation between FA and the EPDS score. An exploratory whole-brain analysis was also conducted to identify other potential regions showing differences in white matter integrity between groups, as well as correlation between EPDS and FA across groups. All results were corrected for multiple comparisons and analyses conducted using FSL, p < 0.05, K > 10. In comparison to HCW, women with PPD had significantly lower FA in left anterior limb of the internal capsule (p = 0.010). FA was negatively correlated with EPDS scores in the left anterior limb of the internal capsule (p = 0.019). In the whole-brain analysis, FA in the right retrolenticular internal capsule (p = 0.03) and two clusters within the body of the corpus callosum (p = 0.044, p = 0.050) were negatively correlated with EPDS; there were no between-group differences in FA. Reduced FA in the left anterior limb of the internal capsule suggests disruption of fronto-subcortical circuits in PPD. A negative correlation between FA within the body of the corpus callosum and EPDS total score could additionally reflect disrupted interhemispheric structural connectivity in women with depressive symptoms.
INTRODUCTION
Depression is estimated to affect over 300 million people worldwide with women approximately twice as likely as men to develop clinical depression in their lifetime [1, 2] . Peripartum depressive illnesses affect~1 in 8 women [3] [4] [5] , with undetected or undertreated illness associated with negative effects on the woman [6] , her child [7] and family [8] . While the devastating sequelae of peripartum depressive disorders are well studied, the pathophysiology is not understood fully. The Diagnostic and Statistical Manual of Mental Disorders Fifth Edition (DSM-5) defines major depression with peripartum onset as occurring during pregnancy or within 4 weeks of delivery [9] . While there are similarities between the diagnostic criteria of non-peripartum and peripartum depressive disorders, peripartum depression (PPD) is a heterogeneous disorder with several distinct phenotypes that warrant further study [10, 11] . Antepartum depressive or anxiety symptoms are a risk factor for PPD [12] and may represent an early manifestation. Additional risk factors include a prior depressive episode [13] and history of PPD [14] .
The pathophysiology of PPD is unknown; however, fMRI imaging studies indicate PPD is associated with changes in functional connectivity involving the default mode network, the salience network and central executive network [15] . Studies report reduced connectivity between the default mode network and the salience network, particularly between the posterior cingulate cortex and right amygdala [16] and reduced connectivity between regions of the prefrontal cortex and amygdala [17] . In PPD, studies report less engagement of neurocircuitry involved in emotional salience and fear processing of negative stimuli, including the amygdala [18, 19] , with one study indicating increased amygdala engagement with positive stimuli [20] , a pattern differing from that reported in non-peripartum depression [21] . A few PPD studies note changes in the salience network, including attenuation of ventral striatal activity after receipt of a reward and reduced ventral striatal activation with positive stimuli [22] . Fewer studies have specifically examined the central executive network in PPD; however, studies show altered connectivity in the posterior orbitofrontal cortex related to a task involving emotion-influenced decision-making [23] and in connections between bilateral dorsolateral prefrontal cortices (involved in memory encoding) and between the dorsolateral prefrontal cortex and amygdala [17] .
Compared to functional connectivity studies, there are no structural connectivity studies in PPD that we are aware of. There is growing evidence that functional connectivity largely reflects structural connectivity, but with some exceptions [24] . Diffusion tensor imaging (DTI) is an MRI-based method that determines the location, orientation and anisotropy of the brain's white matter tracts [25] . Diffusion in white matter is anisotropic, greater in one direction than in others [26] . Greater anisotropy and restricted diffusion perpendicular to the principal diffusion direction reflect healthy or mature white matter microstructure [26] . Fractional Anisotropy (FA) is a scalar value between 0 and 1 that describes the degree of anisotropy, with a higher value correlating to a higher degree of white matter integrity. FA is related to many factors including axonal count and density, degree of myelination and fiber organization, and thus is highest in major white matter tracks, lower in gray matter and approaches 0 in cerebrospinal fluid. Within white matter tracts, reduced FA is believed to reflect microstructural changes associated with reduced anatomical connectivity. Additional DTI measures, including mean diffusivity, radial diffusivity and axial diffusivity characterize diffusion magnitude and may be used to assess membrane density, myelin and axonal injury, respectively [27] . A 2016 meta-analysis of 11 DTI studies in non-peripartum MDD using tract-based spatial statistics (TBSS) identified two white matter tracts implicated in MDD compared to healthy control subjects: the genu of the corpus callosum, and the left anterior limb of the internal capsule [28] . Both tracts showed lower FA in MDD when compared to healthy controls. Further, within the genu of the corpus callosum, FA negatively correlated with symptom severity, indicating a higher depression severity was associated with an exaggerated deficit in white matter connectivity.
The genu of corpus callosum connects interhemispheric prefrontal cortices and orbitofrontal cortices, regions involved in decision making, attention, reward processing and emotional regulation. DTI studies in non-peripartum MDD demonstrate a decreased speed or quantity of interhemispheric communication of these regions [28] and emerging functional connectivity studies in PPD also report changes in functional connectivity in these cortical regions [17, 29] . The anterior limb of the internal capsule connects the striatum and medial dorsal thalamic nucleus with the prefrontal cortex (i.e., part of the anterior thalamic radiation). The medial dorsal thalamus receives most of its input from the limbic system, which is involved with emotion and memory regulation and thus, the left anterior limb of the internal capsule provides a connection between emotional and memory processing to the prefrontal cortex, a region associated with higher level reasoning. Specifically, the left anterior limb of the internal capsule is implicated in "motivation, decision making, and evaluating the saliency of emotional and rewarding stimuli" [30] . DTI studies in MDD demonstrate lower FA in the anterior limb of the internal capsule [31] and emerging functional connectivity studies in PPD report changes in connectivity between the amygdala and prefrontal cortex [17, 18] and medial thalamus and striatum [29] .
In this DTI study, we quantified FA, a measure of white matter integrity, using TBSS in healthy comparison postpartum women and women who developed unipolar PPD within 8 weeks of delivery. TBSS analysis was performed using a hypothesis-driven approach based on findings in non-peripartum MDD and emerging functional connectivity data in PPD described above. We investigated FA in the left anterior limb of the internal capsule and genu of the corpus callosum and tested the following hypotheses: (1) PPD would be associated with decreased FA in the left anterior limb of the internal capsule compared to healthy postpartum comparison women; (2) PPD would be associated with decreased FA in the genu of the corpus callosum compared to healthy postpartum comparison women and (3) FA in the left anterior limb of the internal capsule and the genu of the corpus callosum would negatively correlate with the postpartum Edinburgh Postnatal Depression Scale (EPDS) [32] score across participants. In addition to this hypothesis-driven approach we conducted exploratory whole-brain analyses to identify other white matter structures associated with a diagnosis of PPD and correlated with depression severity as measured by the EPDS.
MATERIALS AND METHODS

Subject selection
A total of 88 eligible and interested English-speaking nulliparous, primiparous or multiparous women between ages 19 and 38 consented to the main prospective study (Fig. 1) . The following two subgroups were enrolled: (1) 35 healthy comparison women (HCW) and (2) 53 women at risk for PPD (AR-PPD). The Edinburgh Postnatal Depression Scale (EPDS) [32] was used to assess peripartum depressive and anxiety symptoms [32, 33] and a cutoff score of ≥10 was chosen to identify women with current depressive and anxiety symptomatology to be further evaluated by research interview. The HCW group included women with an EPDS ≤ 5 and no current or past psychiatric diagnosis or family history of psychiatric illness, as ascertained by clinical and research interviews conducted by a board-certified psychiatrist (K.M.D.). As the EPDS is not sufficiently accurate in predicting risk of postpartum depressive symptoms alone [34] , the AR-PPD group included women who either had an EPDS score ≥ 10 (indicating current depressive and/or anxiety symptomatology) or a personal history of PPD or non-puerperal depression as determined by the Structured Clinical Interview for DSM-IV TR Disorders (SCID-IV), Patient Edition [35] . Since antepartum anxiety and depression symptoms are associated with, or may represent the early presentation of peripartum depressive disorder symptomatology, women who met criteria for an antepartum-onset anxiety disorder or depressive disorder not otherwise specified were included in the AR-PPD group. Women who met SCID-IV criteria for a major depressive episode at study entry were excluded as the main aims of the main prospective imaging study was to identify potential antepartum blood and postpartum neuroimaging biomarkers in those women at risk for developing PPD. The aim of this sub-study was to examine FA in HCW who remained euthymic across the peripartum period and women AR-PPD who during the prospective study were diagnosed with minor or major depressive disorder with peripartum onset. There was no blood biomarker component to this sub-study.
Subjects were additionally excluded for: multiple gestation pregnancy, lifetime history of manic episode or any psychotic disorder, elevated suicidal risk as score of 2 or more on question #10 of the EPDS ("sometimes have the thought of harming myself"), alcohol, tobacco or substance abuse/dependence in the 6 months prior to study entry or use during the study, contraindication to MRI, positive urine pregnancy test at time of MRI. On the basis of the medical record review, subjects were excluded if they had any significant current medical illness. Available clinical laboratory results, including blood cell counts, oral glucose tolerance testing, chemistry panels, thyroid function tests and viral serology conducted for routine care were reviewed and within normal limits. Prenatal vitamins and as needed over the counter antacids, antihistamines and stool softeners were allowed during the study. Concomitant use of any pharmacotherapy with known psychotropic activity at any time during the study was not allowed.
Of the 88 participants enrolled in the prospective study, a total of 75 completed the longitudinal study and 53 (PPD, n = 25, HCW, n = 28) completed the postpartum imaging session (Fig. 1) . For the main imaging study, AR-PPD women were eligible for a postpartum MRI if they met criteria for adjustment disorder with depressed mood, or minor or major depression on the SCID-IV at a postpartum study visit. Of the 53 women who completed the postpartum imaging session, 44 women (PPD, n = 20, HCW = 24) completed the DTI scan. For this sub-study, analysis was limited to those AR-PPD women who developed minor or major depression. Of the 44 women who completed a DTI scan, one scan could not be analyzed due to poor imaging quality, four scans were not analyzed due to participants not having peripartum SCID-IV diagnosis of major or minor depression (i.e., participants had adjustment disorder with depressed mood), and two HCW scans were not analyzed due to elevated total EPDS scores at time of DTI (Fig. 1) .
Study data were managed using Research Electronic Data Capture (REDCap) [36] . The University of Massachusetts Medical School Institutional Review Board approved the study, which was conducted between April 2013 and February 2017. All subjects provided written informed consent and each received monetary compensation for their participation.
Procedures All participants were evaluated in pregnancy and up to 8 weeks postpartum. The main prospective study included five visits. Inperson antepartum visits were completed (visits 1 and 2) in second and third trimester. In-person postpartum, visits were completed (visit 3) within 36 h after parturition, (visit 4) between 2 amd 4 weeks and (visit 5) between 4 and 8 weeks postpartum, Fig. 1 Enrollment and study completion flow diagram. HCW healthy comparison women, AR-PPD at-risk for postpartum depression, PPD minor or major depressive disorder with peripartum onset (peripartum depression), DTI diffusion tensor Imaging, EPDS Edinburgh Postnatal Depression Scale total score, SCID structured clinical interview for DSM-IV TR disorders (SCID-IV), patient edition with the MRI completed at either visit 4 or 5 based on the participants' symptom severity and availability to come to the research center for an imaging session. Two to eight weeks after parturition (visits 4 and 5), cutoff is based on literature, suggesting an optimal postpartum onset definition of up to 6-8 weeks past delivery [37] . The SCID-IV was completed at visits 1 and 4 or 5 (at time of postpartum MRI), the EPDS was completed at visits 1-5 and telephone EPDS were attempted weekly during postpartum weeks 1-8 to monitor the development of PPD symptoms as evidenced by rising EPDS score. Past medical history/demographics were completed at visit 1, while delivery and breastfeeding recording, urine pregnancy test and MRI were completed at visit 4 or visit 5, at time of postpartum MRI. For women AR-PPD, the MRI was scheduled based on when the weekly telephone EPDS total score started to rise. Diagnosis was confirmed by SCID-IV at time of MRI. HCW were scheduled for postpartum MRI to match the days since delivery when women with PPD were scanned to control for potential postpartum physiologic changes in cerebral hemodynamics or WMI.
Image acquisition The data were acquired using a 3.0 Tesla Philips Achieva wholebody MR system (Philips Healthcare, Best, the Netherlands) with an 8-channel phased-array head coil at the Advanced MRI Center, University of Massachusetts Medical School. T1-weighted anatomical MRI were collected. For DTI data collection, 60 contiguous 2 mm slices were acquired in axial orientation with an in-plane resolution of 1.75 × 1.75 × 1.75 mm and a 128 × 128 matrix (repetition time, TR = 8643 ms; echo time, TE = 58 ms; fat saturation on; number of excitations, NEX = 1; frequency direction right/ left). A baseline image (b = 0) and 32 different diffusion orientations were acquired with a b value of1000. Total acquisition time for the DTI protocol was 7 min. DTI analysis-tract-based spatial statistics DTI analysis was performed using FMRIB Software Library (FSL) software version 5.0.9 (www.fmrib.ox.ac.uk/fsl). All images were first examined for artifact by creating mean, standard deviation and signal-to-noise maps using the fslmaths command. Next, FA maps were created with the FDT tools (FMRIB Diffusion Toolbox). FA measures the degree and directionality of water diffusion. Preprocessing included the following: (1) Eddy current and head movement correction using the EDDY_CORRECT tool of FDT; (2) Creation of individual brain masks on the non-diffusion weighted images using BET-Brain Extraction Tool (fractional intensity threshold = 0.30); (3) Diffusion tensors fitted to the data using the DTIFIT tool of FDT. FA maps were aligned to the adult FMRIB58 1-mm template image and used the template skeleton [38] .
Tract-based spatial statistics were implemented to determine regions of group differences in FA, and to determine voxels across groups where FA values were predictive of depression scores. Only voxels with FA greater than 0.30 were included in the analysis, thus representing a conservative cutoff including FA values for white matter while excluding other brain components such as gray matter or cerebrospinal fluid [27, 39] . Two regressions were run using the Randomize tool: one comparing group differences and the other applying analysis for the EPDS total score and FA. Age [40] and days postpartum at scan were used as covariates. Analysis was completed at n = 5000 iterations, with p < 0.05, corrected for multiple comparisons with Threshold-Free Cluster Enhancement (TFCE) [41] , and a cluster extent threshold of K > 10.
Statistical analysis Participant characteristics were compared between AR-PPD vs. HCW groups using Fisher's exact test for categorical variables and Student's independent samples t test for continuous variables (with Satterthwaite adjustment for unequal variances, when appropriate) using Statistical Package for Social Sciences (SPSS) for Windows-Version 13.0 (SPSS Inc., Chicago, Illinois). Imaging analyses were conducted within targeted regions of interest (ROI), through restricted anatomical masks from the John Hopkins University white-matter tractography atlas [42, 43] . Therefore, only skeleton mask voxels within the left anterior limb of the internal capsule and genu of corpus callosum were examined (Fig. 2) . Lastly, we applied an exploratory whole-brain analysis with the Fig. 2 Genu of corpus callosum (top) and left anterior limb of the internal capsule (bottom) regions of interest, created through a restricted anatomical mask from the John Hopkins University white-matter tractography atlas [42, 43] White matter integrity in medication-free women with peripartum. . . M Silver et al.
same regressions to explore additional FA differences between PPD and HCW and the relationship between FA differences and total EPDS scores across both groups.
RESULTS
Demographics
As summarized in Table 1 , there was no significant between-group difference in participant age, gestational age at delivery, mode of delivery, breastfeeding status or days postpartum at time of MRI. Women with PPD had lower rates of marriage and higher rates of divorce compared to HCW (p = 0.042). All analyzed participants in the PPD group met the criteria for minor or major depressive disorder with peripartum onset at time of MRI, and none of the HCW met criteria for any Axis I diagnosis. 87.5% (n = 14) of women with PPD at time of MRI had a prior history of a depressive disorder (n = 10, non-PPD history; n = 4, PPD history) and 87.5% had a current anxiety disorder at time of MRI.
Left anterior limb of the internal capsule ROI voxel-based analysis revealed significantly reduced FA values in PPD women (p = .010, K > 10, corrected) and a negative correlation between FA and EPDS score across both groups (p = .019, K > 10, corrected), ( Table 2 , Fig. 3 ).
Genu of the corpus callosum There was no significant between-group difference in FA within the genu of the corpus callosum. Additionally, there was no correlation across groups between FA and EPDS score ( Table 2) .
Exploratory whole-brain analysis Whole-brain analyses showed no significant between-group difference in FA. However, there was a negative correlation across groups between FA and EPDS score in the right retrolenticular internal capsule (p = .030, K > 10, corrected), and the body of the corpus callosum, the latter of which showed two significant clusters (p = .044 and p = .050, K > 10, corrected).
DISCUSSION
To our knowledge, this is the first study to demonstrate white matter abnormalities in PPD. As hypothesized, women with PPD had significantly lower FA in the left anterior limb of the internal capsule compared to HCW. Additionally, across both groups FA was negatively correlated with EPDS scores in the left anterior limb of the internal capsule. Whole-brain analyses additionally identified a negative correlation between FA and EPDS in the right retrolenticular internal capsule and body of the corpus callosum. Contrary to our hypothesis, there was no between group difference in WMI within the genu of the corpus callosum. Our findings of reduced FA in the left anterior limb of the internal capsule suggest disruption of fronto-subcortical circuits in PPD. Several fronto-subcortical circuits, including the lateral orbitofrontal circuit, the dorsolateral prefrontal circuit and anterior cingulate circuit, have been implicated in non-peripartum depression [44, 45] . Reduced white matter integrity in the left anterior limb of the internal capsule is consistent with recent findings of altered functional connectivity between the amygdala and prefrontal cortex [17, 18] and medial thalamus and striatum [29] in postpartum depression. Connections between the prefrontal cortex and related limbic and striato-pallido-thalamic structures are thought to organize emotional comprehension and expression [46] .
We additionally report a negative correlation across groups between FA and EPDS in the body of the corpus callosum, which could reflect disrupted interhemispheric structural connectivity in women with elevated depression scores. The corpus callosum is the largest WM fiber bundle that interconnects the two hemispheres. The exploratory whole-brain analysis in this study did not identify group differences in WMI of this region, however, future studies should further examine this. Reduced WMI of the body of the corpus callosum, suggesting disrupted interhemispheric structural connectivity has been reported in nonperipartum depression [31, 47] . While the anterior limb of the internal capsule includes the anterior thalamic radiation, the retrolenticular portion of the internal capsule contains the posterior thalamic radiation which includes the optic radiation from the lateral geniculate nucleus to the visual cortex. We are not aware of any published reports of correlations between a depression self-report scale and the retrolenticular portion of the internal capsule in depression, however there is a report of reduced FA of this region in melancholic depression [47] . This finding requires further study.
It is not known if peripartum and non-peripartum depression share a common neurocircuitry, though several of our structural connectivity findings in PPD are in agreement with the literature in non-peripartum MDD. A prior history of depression is a strong risk factor for developing PPD [13] and 87.5% of the women with PPD in our study had such prior history. Interestingly, 87.5% of women with PPD in our study had a co-morbid anxiety disorder diagnosed by SCID at the time of MRI. This is consistent with recent data that peripartum depression often presents with moderate or severe anxiety symptoms, and may reflect a common subtype of peripartum depression [11] . The EPDS, which was negatively correlated with FA in several brain regions, was used in this study as it detects both depressive and anxious symptomatology in peripartum women [48] . Disrupted structural connectivity of fronto-subcortical circuits may represent a structural risk factor for the development of peripartum depression (i.e. trait marker), as cerebral white matter microstructure is highly heritable [49] , or be pathognomonic of a peripartum minor or major depressive episode (i.e. state marker).
Strengths of this study include its longitudinal design which allowed repeated evaluation of mood across the peripartum period and allowed for DTI scan collection soon after participants developed PPD but before they initiated pharmacotherapy. Emerging evidence suggests that antidepressants may have effects on FA [50] . An additional strength is the use of TBSS, which, compared to earlier voxel-based analyses, reduces local registration errors by projecting all FA voxels onto a skeleton approximating white matter tract centers [51] . Use of TBSS also removed the need for smoothing the data and increases statistical power by reducing the total number of voxels to be tested. A limitation of TBSS is that analyses can be confounded by regions of crossing white matter tracts, since these regions may have a lower FA without white matter abnormalities. An additional limitation of the study includes a moderate sample size. Depressed women who completed DTI had mild-moderate symptoms. Research on a larger or more severely ill group may reveal further differences in FA. The statistically significant results reported had to be fairly robust to be identified in a relatively moderate sample size, and other between-group differences may have not been identified in our analysis due to this or due to our use of a conservative 0.3 FA threshold, which improves comparison of our results to other TBSS studies in depression. Additionally, including the HCW in the correlation analysis of FA with EPDS total score may have weakened the results. Within the HCW group, structural variability is associated with minimal-to-no changes in EPDS score as participants all scored very low, in contrast to women with elevated EPDS scores. Another limitation of this study is examination of only one measure of WM neuropathology, FA. Since lower FA may result from either increased radial and/or reduced axial diffusivity, this study cannot distinguish between these possibilities and should be examined in future studies. In this first of its kind study in PPD, we focused our hypotheses on an inclusive marker of WMI, FA. The majority of women who developed PPD had a pre-partum history of depression, so it is not certain if observed differences in FA reflect state vs. trait differences in WMI. For feasibility reasons, we included women with a history of non-peripartum or peripartum depression; however the study design would have been stronger if only participants with a history of peripartum depression were included in the at-risk group, so that differences in WMI would be associated with a narrow phenotype.
The current investigation is the first to our knowledge to report white matter abnormalities in PPD. Future studies will benefit from, including a group with non-peripartum depression and a larger sample size to examine further demographic and clinical measures as covariates in the imaging analysis. It would be beneficial to acquire pre-partum DTI data to assess potential changes in FA, radial and axial diffusivity across the peripartum period in both HCW and in women who develop PPD as well as examine potential depression treatment effects on white matter microstructure. These next-step studies will increase our understanding of the pathophysiology of depression which occurs during a time of immense physiologic change in the female reproductive endocrine system.
